Computer-animated characters are common in popular culture and have begun to be used as experimental tools in social cognitive neurosciences. Here we investigated how appearance of these characters' influences perception of their actions. Subjects were presented with different characters animated either with motion data captured from human actors or by interpolating between poses (keyframes) designed by an animator, and were asked to categorize the motion as biological or artificial. The response bias towards 'biological', derived from the Signal Detection Theory, decreases with characters' anthropomorphism, while sensitivity is only affected by the simplest rendering style, point-light displays. fMRI showed that the response bias correlates positively with activity in the mentalizing network including left temporoparietal junction and anterior cingulate cortex, and negatively with regions sustaining motor resonance. The absence of significant effect of the characters on the brain activity suggests individual differences in the neural responses to unfamiliar artificial agents. While computer-animated characters are invaluable tools to investigate the neural bases of social cognition, further research is required to better understand how factors such as anthropomorphism affect their perception, in order to optimize their appearance for entertainment, research or therapeutic purposes.
INTRODUCTION
Renaissance artists attempted to render human bodies flawlessly, but this period is unusual as art history is dominated by altered depictions of the body. Throughout its much shorter history, computer graphics has similarly followed two paths: the realistic performance of digital characters created for special effects and the compelling but intentionally unrealistic performance of 'cartoon' characters. Realistic anthropomorphic characters are widely regarded as the most challenging, in part because they sometimes look eerie or repulsive. According to the popular press (Levi, 2004) , anthropomorphic characters, for example those animated from the movements of real actors' recorded using motion capture equipment in the movie The Polar Express (ß Warner Bros Entertainment Inc.) 'feel more uncanny' than the stylized heroes moving unrealistically in The Incredibles (ß Disney/Pixar).
The 'uncanny valley' hypothesis could explain this observation. When Japanese roboticist Masahiro Mori investigated robots' social competence (Mori, 1970) , he proposed that as a robot is made more humanlike in its appearance and motion, an observer's emotional response would not linearly increase but would fall into a local minimum when the robot closely but imperfectly reproduces a human being, hence the name 'uncanny valley of eeriness'. The motor theory of social cognition, which proposes that the self identifies with others through overlap between neural processes devoted to perception and execution of actions (Decety and Chaminade, 2003) , the 'motor resonance' exemplified by monkey's mirror neurons (Rizzolatti et al., 2001) , yields a contradictory prediction: as artificial characters' anthropomorphism increases, so should the perceived naturalness of their actions. Despite its ability to address fundamental mechanisms of the social brain, the effect anthropomorphism has on the perception of animated characters' motions has not been addressed directly (Hodgins et al., 1998) .
Stimuli for experiments on the perception of human motion have generally been created either through simple animations or from realistic videos of real world behaviours. The approach of using simple animations was initiated by Gunnar Johansson (1973) , who showed that even drastically impoverished displays of biological motion have the ability to elicit spontaneous recognition of actions and intentions. When point-light sources attached to an actor's joints are animated by his movements, their motion gives a spontaneous and vivid impression of the actor and his actions. This specific case of 'form-from-motion' transforms the coherent movements of dots into the perception of a human figure acting (Neri et al., 1998) . A great deal of information can be extracted from these point-light displays, such as the gender and the emotion of an actor (Verfaillie, 2000) , demonstrating how informative body dynamics can be to the observer. The alternative line of investigation has used videos of individuals depicting actions, for example to investigate reciprocal online imitation (Decety et al., 2002) . In a fMRI study, subjects were instructed to watch a video showing an actor lifting a box, and were able to infer the actor's expectation of the weight (Grezes et al., 2004b) or to perceive the actor's intent to deceive them (Grezes et al., 2004a) .
Both approaches have shortcomings. Point-light displays correctly control for action dynamics, but do not provide information about appearance. Videos of real world performances cannot be controlled for precise details of the action dynamics, which limits our understanding of features relevant to the experimental task. Neurophysiology also reveals possible discrepancies between results obtained with the two types of stimuli. Single neurons responding both to full body and to point-light displays of actions and tuned to different aspects of the observed action such as direction of the movement and orientation of the body were originally found in the monkey's superior temporal sulcus region (Oram and Perrett, 1996) . This region has been repeatedly argued, in monkey (Oram and Perrett, 1996) , humans and computational simulations (Lange and Lappe, 2006) , to be the site of integration of form and motion information coming from the ventral and dorsal streams of visual processing, respectively, during the perception of social signals such as actions or speech (Allison et al., 2000; Puce and Perrett, 2003) . But on the other hand, human neuroimaging experiments using point lights repeatedly failed to report activity in the premotor cortex (Vaina et al., 2001; Peelen et al., 2006) , with one notable exception (Saygin et al., 2004) , while this region seems to be the hallmark of research using videos of real individuals (Rizzolatti and Craighero, 2004) . Activity in motor-related cortices, predicted by the motor theory of social cognition (Gallese et al., 2004) , and in the medial prefrontal cortex, involved in social cognitive processes such as mentalizing (Blakemore and Decety, 2001 ), appears to depend on the type of stimuli. It has been proposed that point-light stimuli fail to activate the mirror system because they are 'insufficient to elicit this personal knowledge [in reference to (Merleau-Ponty, 1962) ] of the action' (Rizzolatti and Craighero, 2004) . When observing other agents, only embodied actions belonging to the repertoire of the observer would trigger the motor resonance which elicits this personal knowledge of the action.
Computer-animated characters provide an elegant way to reconcile research from these two approaches. Cognitive sciences are starting to make use of such characters (Tarr and Warren, 2002) as stimuli (Pelphrey et al., 2003; Thompson et al., 2005; Schilbach et al., 2006) and when testing virtual reality therapy for social phobia (Klinger et al., 2005; Pertaub et al., 2001; Roy et al., 2003) . Yet caution is needed as computer-animated characters may produce undesirable effects such as those predicted by the 'uncanny valley' hypothesis. Here we used a classification task to investigate the influence of discrete variations of animated characters' appearance on the perception of its actions. Participants were required to classify a short running motion as 'Biological' or 'Artificial', corresponding to the motion capture and keyframing techniques used to animate the characters. The motion capture sequences were created by capturing the motion of actors wearing reflective markers with a commercial motion capture system. The key framed motions were created by an animator who positioned the character at key moments in the running sequence and then had the computer interpolate between those poses. We report that the response bias towards perceiving a motion as biological decreases with anthropomorphism of the characters used to render the motion. The use of eventrelated fMRI revealed that, independently of the character used, this response bias is positively correlated with the activity in a network of regions known to support mentalizing, in the left superior temporal sulcus (STS) and temporoparietal junction (TPJ), in the right superior temporal gyrus (STG) and in the anterior cingulate cortex (ACC) and precuneus (PreC), and negatively with the mirror system, in the right ventral premotor region and intraparietal sulcus. This result suggests that the actions of characters favouring mentalizing, not motor resonance, are perceived as biological.
METHODS

Stimuli preparation
Behavioural and fMRI experiments use the same stimuli. Different graphical models (see Figure 1A , for examples) were animated based on motion capture data or on motion constructed by interpolating between key frames ('keyframing'). To create the motion capture animations, the motion of actors running in the laboratory was recorded using a Vicon Motion Capture system (www.vicon.com). This system has 12 cameras, each of which is capable of recording at 120 Hz with images of 4 MegaPixel resolution. The actor wore a marker set of 41 9.5 mm markers to build a sufficiently rich model of his configuration. Motions were captured in a working volume of $8 Â 8 Â 24 m 3 . A model of the actor's skeleton (limb lengths and joint locations) was obtained automatically from a canonical static pose (the T-pose) and a trial in which the actor moved each of his joints through their full range of motion. Using this skeleton, the motion was further processed to the position and orientation of a root body (the pelvis), and the relative joint angles of 18 joints and then imported into Autodesk's Maya animation software for rendering. A trained animator used keyframing to create the second set of motions. In this technique, the animator manually designs poses (key frames) for the character and the Maya software interpolates between those poses to create the full motion. Approximately, three full poses of the character were used for each running step. The skeleton created from the motion capture session was used for keyframing so that the degrees of freedom and limb lengths were unchanged. The sets of motion capture and keyframed stimuli were also matched oneto-one in terms of duration, camera angle and distance travelled by the character (see http://graphics.cs.cmu.edu/ projects/anthropomorphism/).
Experimental paradigm
Subjects were presented with stimuli showing the character's running movements at the centre of a computer screen. The motions were approximately 1 s in duration. After viewing the motion, they were asked to decide whether its origin was Biological ('Bio') or Artificial ('Art') in a twoalternative forced-choice (2AFC) paradigm. The differences between the two types of motion were fully explained to the subject. In particular, the subjects were told how the motions were prepared, and were shown one to five exemplary pairs of motion capture and keyframe stimuli (not used in the actual experiment) prior to starting. We ensured verbally that they understood the meaning of the two different types of motions and the instruction before the onset of the first experimental session. A cue screen, appearing after stimulus presentation, randomly assigned the side of the mouse button click to respond 'Bio' and 'Art' in each trial ( Figure 1B ). The randomization of the side of response indicated on the response screen prevented subjects from preparing the response during the preceding interval.
The response-stimulus and stimulus-response intervals and the maximum duration of the response screen were adapted to experimental constraints. The interval between stimulus and response was randomized between 400 and 600 ms for the behavioural experiment, and between 2000 and 3000 ms for the fMRI. The interval between the response and the next stimulus was randomized between 500 and 1000 ms for the behavioural experiment, and between 1000 and 2000 ms for the fMRI experiment. Longer intervals were used in fMRI to ensure efficient deconvolution of the haemodynamic response associated with the presentation of the stimulus and with the motor response. The maximum duration of the response screen was 1000 ms in both experiments. In the behavioural experiment, 640 Â 480 pixels stimuli were presented at the centre of a computer LCD 1280 Â 1024 screen subtending a field of view of $208 at a distance of $75 cm from the subjects. In the fMRI scanner, stimuli were projected on a screen fixed to the head coil located in front of subjects' eyes, with a field of view of 208 approximately.
Volunteers gave informed consent to participate to these experiments, which were approved by the local ethics committee of ATR. Twelve self-reported right-handed volunteers (6 men; aged 27.3 AE 4.7 years) with no known history of neurological disorder and normal or correctedto-normal vision participated in the behavioural experiment and in the fMRI experiment on the following day. In each of the four experimental sessions, each of the seven characters ( Figure 1A ) was presented six times depicting motion capture and with keyframe stimuli. Twelve sets of motions were used, so that each individual stimulus was presented twice to each subject over the course of the experiment. Ten sets of motions and three graphical models [26 Dots (referred to as Dots), Ellipse and Jogger in Figure 1A ] were selected for the fMRI experiment, while keeping the same randomization procedure.
Functional magnetic resonance imaging (fMRI) study specifications The 1.5T MRI scanner (Shimadzu-Marconi Magnex ECLIPSE 1.5T) of the Advanced Telecommunications Research Institute brain imaging centre was used to obtain Characters used in the behavioural experiment (colour frames and names are added for reference in this report and were not visible to subjects). The Dots characters contain 13 and 26 spheres on articulations of the body, comparable to those used in point-light displays. Full body characters include a body made of disconnected ellipsoid volumes, a robot with metallic shafts for body parts, a humanoid monster and human-like clown and jogger. (B) Stimuli are preceded by a response-stimulus interval (titled cross) and followed by a stimulus-response interval (straight cross). The response cue indicates which side of the mouse should be pressed to answer biological ('Bio') and artificial ('Art'), randomized for each trial. It disappears after recording the subjects' response, or after a maximum duration. The timing properties of the intervals were adapted to the experimental constraints.
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SCAN ( . A total of 168 image volumes were acquired for each of the four experimental 7 min sessions. High-resolution T1-weighted images covering the whole brain were also acquired from each subject to improve the localization of activation foci.
Analysis of behaviour
Subjects classified each individual stimulus as artificial or biological in a 2AFC paradigm. Signal Detection Theory (SDT) was used to extract two independent measures from the subjects' behaviour,sensitivity d 0 and response bias c. SDT requires variance of hits and false alarms to be homogeneous across subjects, models and sessions. The Levene's test of equal variance (at P < 0.05 level of significance) was systematically used to test this assumption before using the standard formulae for 2AFC paradigms to measure the sensitivity d 0 :
and the response bias c :
where, È is the inverse of the standard normal cumulative function. 'Hit' is the proportion of motion capture stimuli correctly classified as biological and 'False alarm', the proportion of keyframe stimuli incorrectly classified as biological. 'Hits' and 'False alarms' were corrected according to the 1/2N rule, where N is the maximum number of responses for each session of the experiment.
The values of d 0 and c were analysed using repeatedmeasure analyses of variance (ANOVA), using sessions and graphical characters as within-subjects factors and gender as between-subjects factor. Greenhouse-Geisser corrected P-values (GG) are reported, when the sphericity assumption is violated (Mauchly test of sphericity P < 0.05). When ANOVAs indicated a significant effect of the model, pairwise t-tests (for the effect of characters) and linear contrasts (for the effect of sessions) were used to further explore the results. Thresholds of P < 0.001 are considered 'highly significant' and thresholds of P < 0.05 are considered 'significant'. Results obtained with the more lenient threshold of P < 0.1 are reported as 'marginally significant', when they address an important experimental hypothesis.
fMRI analysis
We used SPM2 software (SPM2, 2003) for processing and statistical analysis of EPI time series. The first three volumes of each session were discarded to allow for T1 equilibration, while the remaining 165 image volumes were realigned to the first volume and unwarped before a slice-timing correction algorithm was applied. The estimated movement did not exceed 3 mm. A high-resolution T2 image (voxel size: 1 Â 1 Â 6 mm) acquired before the first functional session with the same slice specifications was spatially normalized to the Montreal Neurological Institute (MNI; Montreal, Canada) reference brain, and normalization parameters were then applied to the EPI time-series. The normalized images with 2 Â 2 Â 2 mm 3 voxels were spatially smoothed by a Gaussian kernel of full width half maximum 8 mm.
First-level single subject analysis modelled the brain response according to the six types of stimuli (three characters Â two motions; duration 1 s), irrespective of the subjects' responses, as well as the two possible responses (left and right clicks; a duration of 0 s was used for SPM2 to model response as events). High-pass cut-off filter (128 s) was applied to remove low frequency signal changes.
The three second-level, random effect, analyses reported here used the same threshold of P < 0.05 corrected for multiple comparisons by false discovery rates (FDR), with an extent k > 50 voxels. The first analysis focused on the brain response to stimulus presentation compared to the implicit baseline, pooling the six types of stimuli together. Data were then analysed as a two (motion) by three (characters) factorial design according to published guidelines (Penny and Henson, 2006) , in order to isolate the brain regions, where activity is modulated by each of the two factors and by the interaction term between these factors. Finally, we identified regions whose activity is correlated with the sensitivity and response bias independently of the character used to render motions. Contrasts between brain responses to stimuli based on motion-capture and keyframe data were first computed for each character and for each subject. The resulting 36 (3 characters by 12 subjects) contrast images were entered in second level analyses of covariance including the three characters as explanatory variable and the response bias or the sensitivity as covariate. Non-sphericity correction controlled for subject effects.
Contrast estimates from spherical volumes centred on the maximum of activated clusters of interest, with a radius of 5 mm (extent: mean 69 voxels; s.d. 11 voxels) were extracted and subjected to further analysis with SPSS to assess the significance of the regression (Pearson's R and P regression) and of the effect of characters (P ANOVA) on the activity.
RESULTS
Behavioural results
We used a motion classification task to determine the effect of anthropomorphism of computer graphics characters on the perception of biological motion. Participants were required to classify a briefly presented running motion as biological or artificial, corresponding respectively to the motion capture and keyframe stimuli that were used. A negligible number of trials (seven for the behavioural, Anthropomorphism biases perception of artificial agents SCAN (2007) and six for the fMRI) were discarded, when subjects did not respond within the dedicated time. Subjects' responded significantly (P < 0.001) better than chance in both the behavioural experiment [correct answer mean: 0.73, standard error of the mean (s.e.m.) 0.01] and the fMRI experiment (correct answer mean: 0.86, s.e.m. 0.01). Perceptual experiment. As illustrated in Figure 2A , the ratio of stimuli classified as biological depends mainly on the origin of the stimulus (motion capture or keyframe), but it is also influenced by the character used to render the motion. SDT was used to extract two independent measures from the subjects' behaviour taking into account responses to both motion capture and keyframe animations. The sensitivity d 0 describes the discriminability of biological and artificial motions by the sensory system, illustrating how the two types of motions can be distinguished on the basis of their perceptible features. The response bias c reflects the tendency towards answering biological, and indicates to what extent the subjects considered the perceived motion as natural. As the same motion sets are used to animate all characters, differences in sensitivity and response bias can only be explained taking into account the characteristics of the graphical character used to render the movement.
Characters (F 6,66 ¼ 8.32, P < 0.001) and sessions (F 3,33 ¼ 6.14, P ¼ 0.002) have a significant effect on sensitivity, but only the characters have an significant effect on the response bias (GG F 6,66 ¼ 16.29, P < 0.001). Paired t-tests indicate that sensitivity is significantly smaller and the bias larger for the two dots characters (see statistical significance of pairwise t-tests comparisons in Figure 2B for sensitivity and in Figure 2C for bias). When only full characters are used in the statistical analysis, the effect of characters on sensitivity is not significant (F 4,44 ¼ 1.35, P ¼ 0.3), but significant on bias (F 4,44 ¼ 2.69, P < 0.05). Paired t-tests on the response bias for the full characters identify two groups: differences between the response bias to the ellipse and the robot characters, on the one hand, and between the monster, clown and jogger characters on the other hand, are not significant, whereas all pairwise comparisons between characters from these two groups are significant ( Figure 2C ). There is also a significant increasing linear trend in sensitivity with sessions (F 1,11 ¼ 14.84, P ¼ 0.003; Figure 3 ). The effect of the between-subject factor gender on sensitivity and bias is not significant (all P > 0.5).
fMRI experiment. The same participants underwent the fMRI experiment the day following the behavioural experiment. The fMRI experiment used one character from each of the three groups isolated using the behavioural response bias (Dots, Ellipse, Jogger). As for the behavioural experiment, the effect of the between-subject factor gender on sensitivity and bias is not significant (all P > 0.5). In contrast with the behavioural experiment, neither sessions (P ¼ 0. In contrast, results regarding the bias are in line with those of the first experiment. ANOVA indicates a highly significant effect of characters on response bias (F 2,22 ¼ 14.55, P < 0.001) without significant effect of sessions (GG P ¼ 0.9). Pairwise comparisons between characters are all highly significant (P < 0.001), with an increase of the bias to respond biological from the Jogger (mean: À0.11, s.e.m.: 0.06), Ellipse (0.06 AE 0.05) and Dots (0.21 AE 0.04) characters. Taken together, these results indicate that the bias towards answering biological for less anthropomorphic characters survives repeated exposure to the characters, while sensitivity for the two types of motions increases and reaches a maximum after repeated exposure. The behavioural experiment ensured that subjects had reached their maximal sensitivity prior to the fMRI experiment, so that no major behavioural changes would take place during scanning.
Neuroimaging results
Results from the main effect of stimulus presentation across all types of stimuli are given in Table 1 and illustrated in Figure 4 , top panel. Regions of the temporal and occipital lobes were expected in response to the presentations of biological motion on the basis of their acknowledged functions. By comparing the activation map (FDR-corrected P < 0.05, k > 50) with published coordinates of identified temporo-occipital functional regions, it appears that the cluster covers areas MT/V5 (Watson et al., 1993) , specialized in motion perception, and EBA (Downing et al., 2001) , involved in the perception of body parts. Superior occipital gyrus is likely to belong to the visual area V3 or the posterior part of the intraparietal sulcus, where recent comparative work between human and monkeys have shown a specifically human system involved in extracting form information from motion (Orban et al., 2005) . Ventral occipital activity, in the lingual gyrus bilaterally and right fusiform gyrus belongs to the ventral stream of visual processing specialized in shape analysis, and contains areas FBA and FFA, specialized in perception of bodies and faces, respectively (Schwarzlose et al., 2005) . Occipital areas not only respond to external stimuli in a bottom-up fashion, they also receive top-down modulation by attention. The neural correlates of this attentional control have been reported in right inferior ventral prefrontal regions such as the one reported in Table 1 ( Buchel et al., 1998) . Surprisingly, only with a more lenient threshold (P < 0.001 uncorrected, no extent threshold) was a cluster found in the superior and posterior temporal region (right posterior superior temporal sulcus, P FDR_corrected : 0.016, Z-score: 3.62, extent: 7 voxels, coordinates x ¼ 48, y ¼ À38, z ¼ 10), while this brain area is believed to integrate from information carried by the ventral stream and motion information carried by the dorsal stream of visual processing during biological motion perception on the basis of macaque monkey electrophysiology (Oram and Perrett, 1996) and human neuroimaging experiments (Allison et al., 2000) . The second analysis used an ANOVA approach (Penny and Henson, 2006) to identify brain regions whose activity is significantly modulated by the two factors manipulated in the experiment, the origin of the motion (motion capture, À36, 20) were affected by the character used to render the motion using the more lenient threshold (P < 0.001 uncorrected). The low statistical significance of the results reported here, which focused on the effect of independent variables on the brain response, suggests that individuals differed in their neural responses to the different types of motion and characters. This could be explained by individual differences in subjects' experience of computer-animated agents, though we have no objective measure of their experience to address this issue. Individual differences were controlled by adding a dependent variable related to behaviour in the last analyses using analysis of covariances (ANCOVAs) in order to identify brain regions in which activity in the contrasts between motion capture and keyframe stimuli are correlated with the sensitivity d 0 or the response bias c. Behavioural results indicate that characters have no significant effect on sensitivity, but significantly affect the response bias during the fMRI experiment. No brain region was found to correlate with sensitivity at the thresholds used. Brain areas significantly correlated to the bias, both positively and negatively, are given in Table 2 and illustrated in Figure 4 , bottom panel. Positively correlated regions were found in the temporal cortex bilaterally, the PreC and the ACC. Negatively correlated areas are found in the right ventral premotor cortex and posterior intraparietal sulcus.
Results of the SPM random effect-analysis were confirmed using regression between the extracted contrast estimates in volumes of interest centred on the maximum of the activated cluster and the bias in SPSS. In addition, ANOVA using the characters as the factor of interest were used to ensure that the positive response to the bias could not be explained by a differential response to characters. As indicated on the right of Table 2 , all regressions were found to be significant at P < 0.001, and in no case was the effect of the character significant on the contrast estimate. Regressions are illustrated for two regions of particular interest, the left TPJ and the ACC in Figure 5 . This independence results from the SPM analysis itself as characters and bias were modelled independently.
Activity in these regions is therefore both correlated with bias and independent of the characters used to render the motion. A likely explanation invokes differences between subjects. At the level of individual subjects, the bias reflects how natural a motion is perceived, irrespectively of the characters used to render the motion. While the response bias decreases when anthropomorphism increases in the group analysis, there are individual differences. It follows that brain regions correlated with the bias reflect neural mechanisms underlying subjects' perceived naturalness of the motion which are not significantly affected by the characters used to render the motion at the level of the group analysis. This explanation is in line with the absence of main effects of characters and of motions in the ANOVA analysis of brain responses, when thresholds corrected for multiple comparisons are used.
DISCUSSION
We used a motion classification task to determine the effect of anthropomorphism of computer-animated characters on the perception of biological motion. We purposefully used a simple and familiar running motion to ensure all individuals participating in the experiment had a personal experience with the action. Characters used to render the motion significantly affect sensitivity d 0 , which describes the discriminability of the motions, and response bias c, which indicates the preference toward answering 'Biological'. Compared with fully rendered characters, dots characters lead to decreased sensitivity. A previous experiment showed that subjects are better able to discriminate motion variations with a fully rendered character than with a stick figure (Hodgins et al., 1998) . Subtleties of the motion used for discrimination are less perceptible when sparse graphical models such as dot or stick figures are used. Taken together, the low sensitivity and positive response bias of the dots characters may explain why synthetic movements are readily accepted as human when rendered with point-light displays (Cutting, 1978) . This large difference of behaviour between dots and full characters motivated the exclusion of dots when assessing statistically whether full characters have an effect on a behavioural measure. Results demonstrate that full characters have no effect on sensitivity d 0 but do have a significant effect on the response bias c.
Full characters yield a negative response bias c in comparison to the dots, indicating a reduced tendency to report the motion as biological. Pairwise comparisons of response bias characterize two groups of full characters. The robot and ellipse characters have an intermediate bias between the dots and the other full characters, the jogger, clown and monster. The later characters depict fleshy articulated bodies with anthropomorphic features such as eyes, mouth, hands and ears, and the monster was perceived as a 'human wearing a costume' in preliminary experiments. In contrast, the robot's body is made of metallic rods and the ellipse character, of disconnected volumes, both models being partially transparent. Therefore, the decrease of the response bias from the dots, the robot and ellipse characters, and the jogger, clown and monster characters parallels the addition of anthropomorphic features: motions rendered with anthropomorphic characters are perceived as less natural.
What can explain this negative bias of anthropomorphism during perception of artificial characters' actions? The 'Uncanny Valley of Eeriness' proposal states that artificial designs attempting imperfectly to reproduce human form would trigger a negative emotional response, which could be responsible for the negative anthropomorphic bias. For example, the full characters used in these studies had no facial expressions or motion, only simple rules for adjusting the motion of the skin across joints and rigid clothing. The biological motion was also imperfect in that it was captured to approximate the motion of the skeleton but motion of the muscles, hair, or detailed motion of the hands was neither captured nor rendered. Imperfections of both characters and motions could more strongly induce the negative emotional response postulated by the 'Uncanny Valley' hypothesis for the more anthropomorphic characters.
Alternatively, the perceptual decision could use an internal model of the running action. In that case, a breach from expectations of the combined motion and form cues would results in motions being perceived as atypical and less natural, in the absence of emotional response. The neural substrate of the response bias was investigated using fMRI in order to disentangle these two possibilities with a focus on the neural substrates of emotions and action perception.
The response bias describing the tendency to perceive the motion as natural is negatively correlated with activity in the right ventral premotor and posterior parietal cortices, which both contribute to controlling attention (Rees et al., 1997; Buchel et al., 1998) . Balance between activity in the lateral and medial prefrontal cortices is associated with balance between integration of information about visual motion and reaching a decision about the nature of the stimulus (Chaminade and Fonlupt, 2003) . The finding that the bias is negatively correlated with activity in regions controlling allocation of attention suggests that the tendency to report the motion as artificial requires more attention than reporting it as biological, i.e. that biological motion perception would be automatic, while reporting a motion as artificial would be more demanding cognitively.
More interestingly, the right inferior frontal and intraparietal sulcus clusters of activity negatively correlated with the response bias could be attributed to the involvement of the mirror system (Rizzolatti and Craighero, 2004) . For example, a similar right intraparietal sulcus region was reported in a study of the influence of motor expertise on observation of whole body action (Calvo-Merino et al., 2005) , and a right ventral premotor region, in a study of biological motion perception (Saygin et al., 2004) . While confirming an influence of the motor resonance on action observation, this interpretation contradicts a simple role in action understanding as its activity correlates to a stimulus being reported as an artificial, in contrast to a biological, action. Yet, the finding that the regions negatively correlated with the response bias, which is itself negatively correlated with anthropomorphism, belong to the mirror system is in line with the idea that a anthropomorphic rendering of the body is necessary to induce mirror system activity (Rizzolatti and Craighero, 2004) . A similar conclusion has already been reached using a motor interference paradigm, which tackles motor resonance specifically. An interference effect due to the observation of movements incongruent with the executed movements was observed when the subjects were facing a human or, to a lesser degree, a humanoid robot, but not when facing a simple robotic arm (Oztop et al., 2005) . Altogether, these results corroborate the hypothesis that anthropomorphism facilitates motor resonance, but they also suggest that motor resonance is not sufficient to perceive an action as being natural.
The response bias is positively correlated to activity in the left TPJ and STS, the right STG, as well as in the ACC and PreC. The STS has been repeatedly associated with biological motion perception in primates (Allison et al., 2000; Puce and Perrett, 2003) , and has been shown in the monkey to integrate form and motion information when perceiving actions (Oram and Perrett, 1996; Jellema et al., 2004) . In agreement with the global processing hypothesis (Bertenthal and Pinto, 1994) , computational models (Giese and Poggio, 2003; Lange and Lappe, 2006) have proposed that 'templates' of configural body cues, roughly corresponding to snapshots of actions, are used when recognizing point-light displays and can be found in the STS. The STS is thus involved in extrapolating form from motion, a phenomenon potent enough to override scrambled depth information when using a stereoscopic point-light displays (Bulthoff et al., 1998) . Likewise, extrapolation of the body structure from motion could cause the artificial motion of the less anthropomorphic characters in our experiment to be readily accepted as natural. The keyframe stimuli maintain the relationships between the body parts by using the same skeleton as the motion-capture stimuli, and similarly depict a running action albeit one that is not dynamically valid. Therefore, body structure can still be extracted from motion as readily as with motion-capture stimuli, possibly leading to a percept of natural motion. In other words, the extrapolation of form from motion overrides perception of flaws in the artificial motion, when it is rendered with the Dots characters. This interpretation, corroborated by the positive correlation between STS activity and the response bias, could explain both the lack of sensitivityform can be extracted similarly from motion capture and keyframe stimuliand the high biasform extrapolated from motion is perceived as naturalfor point-light displays in our experiment. In addition, the response bias is present across subjects and, in contrast to sensitivity, it is not influenced by repetition of the stimuli across sessions (Figure 3 ). This implies that the response bias originates in normal visual perception mechanisms, and explains why even synthetic movements rendered with point-light displays are readily accepted as natural (Cutting, 1978) . Altogether, these results suggest that caution should be exerted when extrapolating results from investigations using point-light displays to any type of biological motion perception.
The response bias is negatively correlated with the complexity of the stimuli, for example the presence of a full body or the quantity of pixels moving in the stimuli, so that brain activity related to this complexity should be, if anything, negatively correlated with the bias. This suggests that the STS region is the target of top-down influences at play in our motion classification task. Other clusters correlated with the response bias could be the source of top-down influences on the STS. Activity is reported in regions that have repeatedly been associated with mentalizing [TPJ (Frith and Frith, 1999; Saxe and Kanwisher, 2003) , ACC (Amodio and Frith, 2006) and PreC (Cavanna and Trimble, 2006) ], which describes reasoning about the content of other individuals' mental states.
The ACC has also been associated with emotional tasks (Bush et al., 2000) and human and animal research suggest an role in attentional processing of emotional stimuli (see discussion of the function of the ACC in Davidson and Irwin, 1999) . Was the correlation of the ACC activity with the anthropomorphic bias associated with such a processing of the emotional content of stimuli, we would expect additional clusters of activity in other areas related to emotional processing such as the amygdala or the insular and orbitofrontal cortices (Davidson and Irwin, 1999) . The absence of activity in these and other regions of the limbic system in Table 2 argues against a role of emotions in the anthropomorphic bias, and thus against a literal interpretation of the 'Uncanny Valley of Eeriness' proposal (Mori, 1970) .
Alternatively, the ACC is implied in the 'meta-cognitive process of reflecting on feelings and intentions', and its activity is related to the degree of familiarity with the object of mentalization (Amodio and Frith, 2006) . This interpretation suggests a causal relation between subjective familiarity of the character used in a stimulus and tendency to report its motion as biological (response bias). The fact that analyses focused on the characters failed to reach significance further suggests that, at the group level, the brain activity pertains to the subjective perception of the artificial agents used as stimuli rather than to their intrinsic features. Therefore, the finding that the response bias correlates with activity in the ACC, as well as in the left STS region discussed earlier and in the right TPJ (Frith and Frith, 1999) , suggests that deciding whether the source of an observed action is natural (responding 'Biological') involves a mentalizing process. This interpretation makes sense as perception of action is inherently linked to the attribution of intention to the agent (Blakemore and Decety, 2001) . In other words, the actions of characters favouring mentalization, not motor resonance, are perceived as biological.
CONCLUSION
Using a biological motion classification task, we found that the tendency to perceive a simple running motion as natural is modulated by the appearance of the character used to render the motion. Anthropomorphism of artificial agents decreases the tendency to report their motion as biological, and an fMRI investigation found that the response bias towards 'biological' is correlated with an increase of activity in regions involved in mentalizing and a decrease of activity in regions belonging to the mirror system. This experimental paradigm, based on the use of artificial agents, therefore allows the dissociation of the brain activity in these two key networks of social cognition, and should now be used to explore systematically, which features of artificial agents favour mentalizing in order to optimize them for entertainment, research or therapeutic purposes.
